Thin films of 5% Co-doped ZnO with a range of Al codoping exhibit a band-edge shift, which varies with carrier concentration as n 2/3 . Carrier effective mass is 0.26m e and mobility is ϳ10 cm 2 V −1 s −1 . The doped films, which contain coherent Co clusters of 4 -8 nm in size, exhibit a ferromagnetic moment of 0.3-1.0 B per cobalt. The magnetism is progressively destroyed by Al doping due to a reduction in Co-cluster formation. Magnetoresistance appears below 30 K, but these materials cannot be regarded as dilute magnetic semiconductors. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2748343͔
There is an ongoing quest for ferromagnetic semiconductors with a Curie temperature well above room temperature, which could be used for the second generation of spin electronics, as well as a search for transparent ferromagnets which could add an optoelectronic dimension. An early report of room temperature ferromagnetism in ZnO was by Ueda et al.
1 in cobalt-doped thin films ͑Zn 1−x Co x ͒O with x = 0.05-0.25, which showed a large moment of 1.8 B per cobalt ion for x = 0.05. High-temperature ferromagnetism was subsequently found by other groups, with varying magnetic moments. 2-6 A systematic variation of magnetic moment in transition metal doped ZnO films grown by pulsed laser deposition was found with 3d dopant. 7 These reports have been received with skepticism, and the belief that the ferromagnetism must somehow be associated with clustering or incipient formation of a secondary ferromagnetic phase. Nevertheless, good spectroscopic evidence shows that the divalent cobalt does indeed substitute on the tetrahedral sites of the wurtzite structure. 1, [8] [9] [10] [11] Searches by Rode et al. 4 and Ramachandran et al. 11 revealed no evidence for phase segregation in Co-doped ZnO films, while close examination of other films has revealed the presence of cobalt nanoclusters in some cases. 12, 13 ZnO has electron ͑n type͒ conductivity with appropriate dopants such as Al, Ga, etc. Heavy electron doping of up to ϳ10 21 cm −3 can be realized in ZnO by using a proper doping technique. It is a challenge to achieve highly conducting Co:ZnO films without degrading their magnetic properties, as substitution of Co often leads to an increase in resistivity of films. A recent report correlated the magnetic moment and the carrier concentration in Co-and Mn-substituted films.
14 From both the theoretical and experimental points of view, there are lots of open questions regarding the magnetism and magnetoresistance of these materials. Here, we report an investigation of magnetic, electrical, and optical properties of pure and Al codoped Zn 0.95 Co 0.05 O thin films, demonstrating the effect of Al on magnetic, transport, and optical properties of these transparent conducting oxide films.
Thin films ͓of pure and Al-doped ͑0.1 to 1 at. % ͒ Zn 0.95 Co 0.05 O͔ were deposited at 450°C, on both C-cut and R-cut sapphire substrates using the same conditions as reported earlier. 7 Film thickness was monitored during deposition using optical reflectivity at 635 nm, and it was independently calibrated by small angle x-ray scattering.
Thicknesses were in the range of 100-150 nm. All films are highly oriented and x-ray diffraction patterns of films on C-cut and R-cut substrates showed ͑002͒ and ͑110͒ reflections of ZnO. Long scans with a multidetector revealed a small reflection at 44.3°͑Cu K␣͒, which is the ͑002͒ reflection of Co. Phi scans showed the cobalt to be coherent with the ZnO lattice. Using the Scherrer formula, we estimated the crystallite size as 4 -8 nm, big enough to be blocked at room temperature. 15 Magnetization measurements were made ͑in superconducting quantum interface device magneto-meter͒ by mounting the samples in straws after removing the corners of the 5 ϫ 5 ϫ 0.5 mm 3 substrates, with the field applied perpendicular to the substrate plane. The curve in Fig. 1͑a͒ shows the diamagnetism of a blank Al 2 O 3 substrate subjected to the same thermal cycle in the deposition chamber as one with a thin film deposited on it. The susceptibility of −4.8ϫ 10 −9 m 3 kg −1 is in agreement with the accepted value. Figures 1͑b͒ and 1͑c͒ show the ferromagnetic signal of Co:ZnO film before and after subtracting the linear diamagnetic background signal arising from the substrate. Moments are quite variable, depending on the substrate, as shown in Table I on C-cut sapphire substrates are always greater than on R-cut substrates, as shown in Fig. 2 . Films with no Al exhibit a low temperature magnetization that can be interpreted in terms of a paramagnetic component ͑saturating at low temperature and high field͒ that is attributed to substitutional Co 2+ , as well as the ferromagnetic component showing a temperatureactivated decrease of coercivity which is attributed to the Co metal clusters. The mean cluster size evaluated from the activation energy using the bulk anisotropy constant of cobalt is 8 nm, in reasonable agreement with diffraction data on the same samples.
The Co/ ZnO atomic ratio in the films can be roughly estimated from the area under the peaks, obtained from x-ray diffraction measurements, as the intensity of a given reflection I hkl is proportional to ͓F hkl / sin ͔ 2 , where F hkl is the structure factor. From that ratio, an estimate of the saturation magnetic moment due to metallic Co is similar to that of the measured magnetic moment. The striking point is that the magnetic moment we observe is proportional to the amount of metallic Co present in the film, which decreases with Al doping. This is quite different from the room temperature ferromagnetism observed in high-temperature grown films reported earlier. 7 Transport measurements, in the temperature interval of 2 -300 K, were performed on samples contacted by shadow masking and thermal evaporation of Al/ Au bilayer at pressures below 10 −6 mbar. The conductivity of 5% Co-doped ZnO is modified by Al doping.
Magnetoresistance and Hall resistance were extracted by symmetrizing and antisymmetrizing with respect to field the R xy measured in the van der Pauw geometry. Samples exhibit appreciable magnetoresistance only below about 30 K, with a strong temperature dependence governed by both carrier concentration and mobility. There is no measurable anomalous Hall effect. The magnetoresistance at 2 K is plotted on Fig. 3͑a͒ , where it reaches about 5.5%. These data can be qualitatively understood in terms of a superposition of standard open-and closed-orbit magnetoresistance, ionized impurity magnetoresistance, 16 and weak localization magnetoresistance. 17 The carrier concentration deduced from the Hall effect has a nonlinear dependence on Al concentration ͓see inset in Fig. 3͑b͔͒ and shows saturation at about 0.2% Al, evidence for either a low solubility limit for the Al or complete degeneracy of the electron gas at n Ͼ 2 ϫ 10 20 cm −3 . Mobilities are found to be in the region of 0.4-11.4 cm 2 V −1 s −1 at 2 K. The temperature dependence of the Hall resistance shown on Fig. 3͑b͒ reveals almost degenerate electronic concentrations even without Al doping, and virtually no temperature dependence for the films with more than 0.2% Al. The magnetoresistance generally diminishes with increased carrier concentration, with the exception of the 0.2% Al film, shrinking to essentially zero for more than 0.5% Al, which is further evidence for the degeneracy of the electron gas in the high doping regime. The detailed analysis of the magnetoresistance is complicated by the possible dimensional crossover from three-dimensional weak localization where the correction to the resistivity is of the order 2 2 ប ͱ e / បB / e 2 , at fields above 1 T for film thickness t = 80 nm to a thickness-limited two-dimensional localization where the correction to the resistivity is of the order បt / e 2 . This is likely the reason why the magnitude of the magnetoresistance for all samples except the one with 0.2% Al does not decrease for fields beyond about 3 T. The positive initial magnetoresistance for 0.2% Al is likely due to a closed orbit on the Fermi surface becoming accessible at filling corresponding to conduction electron concentrations of about 4 ϫ 10 20 cm −3 . Samples with less than 0.2% Al exhibit substantial anisotropy of the in-plane magnetoresistance. The effect can be as large as 19% at 2 K for some samples without Al doping. The observed angular dependence can be fitted with up to three terms varying for n =1,2,3 as A n sin 2n ͑ − ͒, where is the angle between the field and current vectors, is an offset angle which depends on the crystallographic orientation, and A n are amplitude factors. An example for 0.2% Al, measured at field of 14 T and temperature of 2 K is shown as inset in Fig. 3 . The observed effect is attributed to the anisotropy of the Fermi surface and not to conventional AMR.
Optical transmission spectra for Al-doped Co:ZnO thin films are presented in Fig. 4 . The Al doping leads to bandgap widening. The band gap increases from 3.7 eV ͑no Al͒ to 4.5 eV ͑1 at. % Al͒, as a result of filling of the lowest states in the conduction band by Al donor electrons-the BursteinMoss effect. 18 The expected functional dependence of the shift for a free-electron conduction band, ⌬E g = ͑ប 2 /2m * ͒ ϫ͑3
2 n e ͒ 2/3 , 19 is well satisfied, within experimental error, and yields a mean harmonic mass defined by 1 / m * =1/m e +1/m h with m * = 0.26͑3͒m, which is in good agreement with the accepted values of m e = 0.23 and m h = 0.59 for Al-doped ZnO. 20 In conclusion, we find no intrinsic relation between magnetization and electron concentration in our Al-doped ͑Zn 0.95 Co 0.05 ͒O films. The disappearance of magnetism with Al doping is related to the disappearance of cobalt nanoclusters. Interesting magnetoresistance is observed below 30 K, but neither it nor the absence of an anomalous Hall effect supports the idea that these materials are dilute magnetic semiconductors. 
